Combinatorial libraries of hairpin ribozymes representing all possible cleavage specificities (>10 5 ) were used to evaluate all ribozyme cleavage sites within a large (4.2-kilobase) and highly structured viral mRNA, the 26 S subgenomic RNA of Sindbis virus. The combinatorial approach simultaneously accounts for target site structure and dynamics, together with ribozyme folding, and the sequences that result in a ribozymesubstrate complex with maximal activity. Primer extension was used to map and rank the relative activities of the ribozyme pool against individual sites and revealed two striking findings. First, only a small fraction of potential recognition sites are effectively cleaved (activityselected sites). Second, nearly all of the most effectively cleaved sites deviated substantially from the established consensus selection rules for the hairpin ribozyme and were not predicted by examining the sequence, or through the use of computer-assisted predictions of RNA secondary structure. In vitro selection methods were used to isolate ribozymes with increased activity against substrates that deviate from the GUC consensus sequence. trans-Acting ribozymes targeting nine of the activity-selected sites were synthesized, together with ribozymes targeting four sites with a perfect match to the cleavage site consensus (sequence-selected sites). Activity-selected ribozymes have much higher cleavage activity against the long, structured RNA molecules than do sequence-selected ribozymes, although the latter are effective in cleaving oligoribonucleotides, as predicted. These results imply that, for Sindbis virus 26 S RNA, designing ribozymes based on matches to the consensus sequence may be an ineffective strategy.
Combinatorial libraries of hairpin ribozymes representing all possible cleavage specificities (>10 5 ) were used to evaluate all ribozyme cleavage sites within a large (4.2-kilobase) and highly structured viral mRNA, the 26 S subgenomic RNA of Sindbis virus. The combinatorial approach simultaneously accounts for target site structure and dynamics, together with ribozyme folding, and the sequences that result in a ribozymesubstrate complex with maximal activity. Primer extension was used to map and rank the relative activities of the ribozyme pool against individual sites and revealed two striking findings. First, only a small fraction of potential recognition sites are effectively cleaved (activityselected sites). Second, nearly all of the most effectively cleaved sites deviated substantially from the established consensus selection rules for the hairpin ribozyme and were not predicted by examining the sequence, or through the use of computer-assisted predictions of RNA secondary structure. In vitro selection methods were used to isolate ribozymes with increased activity against substrates that deviate from the GUC consensus sequence. trans-Acting ribozymes targeting nine of the activity-selected sites were synthesized, together with ribozymes targeting four sites with a perfect match to the cleavage site consensus (sequence-selected sites). Activity-selected ribozymes have much higher cleavage activity against the long, structured RNA molecules than do sequence-selected ribozymes, although the latter are effective in cleaving oligoribonucleotides, as predicted. These results imply that, for Sindbis virus 26 S RNA, designing ribozymes based on matches to the consensus sequence may be an ineffective strategy.
Small, trans-acting ribozymes including the hairpin ribozyme and the hammerhead ribozyme function as sequenceselective ribonucleases. Because their sequence specificity can be manipulated in the laboratory, ribozymes hold considerable promise as tools for targeted RNA inactivation within cells and organisms. Numerous potential applications for ribozymes are being actively explored, including the analysis of gene function, and the development of therapeutics for genetic and viral diseases.
The hairpin ribozyme is derived from the minus strand of the satellite RNA of tobacco ringspot virus (1, 2) and catalyzes a reversible site-specific RNA cleavage reaction in the presence of Mg 2ϩ to yield products with 5Ј-hydroxyl and 2Ј,3Ј-cyclic phosphate termini (3) (4) . The ribozyme folds into two domains, termed A and B, which must interact for cleavage to occur (Fig.  1 ). Substrate recognition is accomplished through the formation of two short helical elements that flank a symmetrical internal loop (loop A; Fig. 1 ). Domain B also contains two helices and an internal loop. Most of the nucleotides in loop A and loop B are essential for catalytic activity, while base pair substitutions within helix 1 and helix 2, necessary for changes in target specificity, are tolerated (5) (6) (7) (8) .
Based on studies with oligoribonucleotide substrates (5, 7, 9, 10), the optimal sequence for ribozyme cleavage can be defined as 5Ј-RYN2GUC-3Ј (where R represents A or G and Y represents C or U) from Ϫ3 to ϩ3 relative to the cleavage site (indicated by a downward arrow). Other substrates may be cleaved but with lower activity. A guanosine residue is required at position ϩ1, immediately to the 3Ј-side of the cleavage site (11) . In this work, we employ a modified form of the hairpin ribozyme with a U39C substitution (5, 12) and extended helix 4 (13) . Each of these modifications has been shown to increase the activity of hairpin ribozymes.
Because substrate binding is achieved predominantly by Watson-Crick base pairing, the sequence specificity of both the hairpin and the hammerhead ribozymes can be manipulated by changing the nucleotide sequences of their substrate binding domains. Since the consensus sequence is not very restrictive, virtually any mRNA or viral genomic RNA of interest is likely to possess numerous potential target sites for ribozyme cleavage. To date, most investigators have selected target sites through a computer-aided process that searches for sites with similarity to the consensus sequence, as derived from in vitro studies with model oligoribonucleotide substrates (10) . Unfortunately, it is frequently observed that only a small fraction of engineered ribozymes gives rise to significant reductions in target RNA levels within cells (14, 15) .
There are many factors that could result in ineffective or inefficient cleavage of targeted RNAs in the cellular environment. These factors include inappropriate localization of ribozymes within the cell, low catalytic activity in the cellular environment, inadequate expression of ribozyme transgenes, degradation of ribozymes within the cell, and cleavage of untargeted cellular RNAs. Folding of both the ribozyme and the targeted RNA is a significant issue that raises two major concerns. First, potential target sites may be occluded by the folded structure of the target RNA (16) . Viral RNAs, in particular, have been shown to form extensive, stable secondary structures (17, 18) . Second, unpublished studies show that changes in the substrate specificity of both hairpin and ham-merhead ribozymes can result in loss of catalytic activity as a result of ribozyme misfolding. Computer-aided prediction of RNA secondary structure is of some utility in the identification of the most inaccessible cleavage sites and for avoiding the most obviously misfolded ribozymes.
The rationale behind this study described in this work is as follows. Our working hypothesis is that the two most important factors in the identification of ribozymes that can effectively recognize and cleave a targeted mRNA are, first, target site accessibility and, second, the ability to form an active ribozyme-substrate complex. It is clear that these two factors are mutually interdependent and that the relationship between them is complex and, at this stage of ribozyme research, impossible to predict. Such an unpredictable interdependence can best be approached by using combinatorial methods. We have previously developed an in vitro selection system for the hairpin ribozyme that utilizes sequential cleavage and ligation reactions catalyzed by self-cleaving constructs that incorporate both ribozyme and substrate into the same RNA. However, this method cannot be directly adapted to the current problem, which requires trans-cleavage of the targeted RNA. Therefore, we have chosen to use combinatorial libraries of hairpin ribozymes encompassing all possible sequence specificities to identify the most readily cleaved sites within targeted RNA molecules in vitro.
In this paper, we describe the development of this strategy, using Sindbis virus 26 S subgenomic RNA (4.2 kb) 1 as a model system. A member of the alphavirus family, Sindbis virus has a single-stranded RNA genome of positive polarity and replicates in the cytoplasm. The genomic RNA is 11.7 kb (49 S) in length (19, 20) , but the viral structural proteins are expressed from a shorter 26 S subgenomic RNA produced during the infectious cycle. The 26 S subgenomic RNA of Sindbis virus strain SAAR86 was chosen as a model target RNA for our screening experiments, in part because it is predicted to be highly structured and, therefore, a very challenging target for ribozyme-mediated RNA inactivation. Our results show that the most effectively cleaved sites deviate substantially from the established consensus and support a model in which target site accessibility is the most critical factor for RNA inactivation.
EXPERIMENTAL PROCEDURES
Preparation of the Randomized Ribozyme Pool-The pool of ribozymes, containing 10 randomized positions in the substrate binding domain (Fig. 1) , was transcribed from a synthetic DNA template pool using bacteriophage T7 RNA polymerase, as described (21, 22) . The sequence of the DNA template pool is 5Ј-TACCAGGTAATGTACCAC-GACTTACGTCGTGTGTTTCTCTGGTNNRCTTCNNNNNNNCCCTA-TAGTGAGTCGTATTA-3Ј, where N is any base, R represents A or G, and the underlined sequence represents the bottom strand of the T7 promoter. These DNA oligonucleotides were synthesized using standard solid-phase phosphoramidite chemistry on an Applied Biosystems model 392 oligonucleotide synthesizer. The randomized sites were generated by mixing four different nucleoside phosphoramidites (A, C, G, T) at concentrations that result in equal molar coupling during synthesis. RNA transcripts were produced by transcription of the DNA templates with T7 RNA polymerase and purified as described (23) .
Preparation of 1.1-kb RNA Substrates-Four DNA fragments, each approximately 1.1 kb in length, were amplified from a full-length cDNA plasmid of the Sindbis SAAR86 strain (Ref. 24 ; GenBank TM accession code U38305), using PCR primers containing a T7 promoter ( Fig. 2A) . There are 46 -95-nt sequence overlaps between adjacent PCR products. Each of the four long RNA substrates was produced by transcription of the PCR product using T7 RNA polymerase and was purified by electrophoresis through a 4% denaturing polyacrylamide gel. Cleavage Reactions Using the Randomized Ribozyme Pool-The 1.1-kb RNA segments and the randomized pool of ribozymes were preincubated separately at 37°C for 10 min in the reaction buffer (25) or in a control buffer (see below). Each of the long RNA substrates (0.1 M) was then incubated in the presence or absence of a 20 M concentration of the randomized ribozyme pool in a buffer that supports catalytic activity (50 mM Tris-HCl, pH 8.0, 12 mM MgCl 2 ) or in a control buffer in which ribozymes are inactive (50 mM Tris-HCl, pH 8.0, and 1 mM EDTA). This pool contains each specific ribozyme molecule at a concentration of 0.04 nM (see below). Cleavage reactions were carried out for 2 h at 37°C in a final volume of 5 l and then were desalted by passing through a CentriSep column (Princeton Separations) and dried in preparation for primer extension reactions.
Mapping Cleavage Sites by Primer Extension-Cleavage sites were identified by primer extension alongside sequencing ladders generated with avian myeloblastosis virus reverse transcriptase and 5Ј-end-labeled DNA primers as described (8) Ribozyme Activity Assays-Ribozymes directed against specific targets in Sindbis 26 S RNA were produced by in vitro transcription of oligonucleotide templates with T7 RNA polymerase and purified as described above. The 14-nt oligoribonucleotide substrates were synthesized using RNA phosphoramidite chemistry on an Applied Biosystems 392 oligonucleotide synthesizer, deprotected as described (26, 27) , and purified by 20% polyacrylamide gel electrophoresis, followed by high pressure liquid chromatography on a reverse-phase C8 column.
Activity tests against synthetic 14-nt substrate RNAs were carried out under single-turnover conditions (25) with 200 nM ribozyme, 1 nM 5Ј-32 P-labeled substrate RNA, 50 mM Tris-HCl (pH 8.0), and 12 mM MgCl 2 . Reactions were followed over a time course of 30 min at 37°C. Aliquots were removed at specific times, subjected to polyacrylamide gel electrophoresis, and quantified using a Bio-Rad GS525 molecular imaging instrument.
Individual ribozymes were tested for activity against 1.1-kb fragments of Sindbis virus 26 S subgenomic RNA. These long substrate RNAs were produced by T7 transcription of PCR products as described above, except that a trace quantity of [␣-32 P]CTP was added to the transcription mix. The labeled transcripts were purified by gel electrophoresis and used in trace amounts as substrates by incubating with an excess of ribozyme (200 nM) at 37°C, in 50 mM Tris-HCl (pH 8.0), 12 mM MgCl 2 for 2 h. Reactions were followed as above by removal of timed aliquots for gel electrophoresis and quantitation.
In Vitro Selection of the Optimal Ribozymes for 8242 Target SiteThe selection procedure was conducted in much the same manner as described (12) . A 119-nt DNA oligonucleotide was synthesized that contained a T7 promoter, a primer binding site, and a ribozyme coding region with 10 positions randomized in the substrate binding domain (Fig. 1) , followed by a linker and the 14-nt 8242 target sequence (5Ј-T-GTCTCCTCTGCCTGGTTCGAAGGACCAGGTAATGTACGATCTCC-GAAGAGATCTGTTTCTCTGGTNNRCTTCNBNNNNNGGTACCGTG-ATCCCATGTTTCCTATAGTGAGTCGTATTA-3Ј, where B ϭ G, C, or T). After transcription and electrophoresis in a 6% denaturing gel, the self-cleaved ribozyme band was excised and eluted from the gel. A ligation substrate (ligator, 5Ј-GAGGAGACAAGAUAUCCGUCGACAAG-3Ј), which contained a 3Ј-cleavage product of the 8242 substrate followed by a reverse transcription-PCR annealing site was prepared by cleaving with Rz8242U. The ligator was incubated in excess with the self-cleaved ribozyme pool under standard conditions and then desalted and subjected to reverse transcription-PCR using Thermus thermophilus DNA polymerase. After three cycles of selection, the population was sampled by cloning and sequencing. For each of the 30 clones, transcriptional templates were prepared by PCR and transcribed into ribozymes. The initial cleavage rates of each ribozyme against 8242 substrate were tested under single turnover conditions as described above.
RESULTS

Combinatorial Library of Hairpin Ribozymes with All Possible Substrate
Specificities-Ribozyme libraries were generated by in vitro transcription of synthetic DNA templates. Ten positions were randomized within the substrate binding domain, while the bases whose identity are important for catalytic activity (G 8 , A 9 , A 10 , and G 11 ) remained fixed ( Fig. 1 ). All transcripts contain three guanosine residues at the 5Ј-end to ensure equal transcriptional efficiency for all variants. The resulting pool of ribozymes is expected to contain 5 ϫ 10 5 different variants. For the cleavage assays, the quantity of ribozymes used (100 pmol; 6 ϫ 10 13 molecules) greatly exceeded the sequence complexity of the pool. Therefore, we believe that all potential sequences within the randomized pool are represented in the experiments, and this is supported by the results of experiments described below.
Cleavage of Structured Viral RNA Molecules by the Ribozyme Library-To facilitate the screening of the 4.2-kb 26 S Sindbis virus subgenomic RNA, we divided the 4.2-kb RNA into four segments (RNA fragments A through D); each is ϳ1.1 kb with overlaps of 46 -95 nt. These long RNA fragments were produced transcriptionally from PCR products with T7 RNA polymerase as described under "Experimental Procedures" and summarized in Fig. 2A . Each of the long RNA fragments (0.1 M) was incubated with the randomized pool of ribozymes (20 M total RNA concentration) either in the presence or in the absence of Mg 2ϩ at 37°C for 2 h. Although the total concentration of the ribozyme pool is high (20 M) , the concentration of each individual ribozyme species is only 0.04 nM, taking into account the population complexity. Therefore, the substrate is in 2500-fold molar excess over each ribozyme variant. Primer extension analysis demonstrated that most substrate molecules remained uncleaved at the end of the cleavage reaction.
Therefore, the great majority of cleavage products resulted from a single cleavage event within the 1.1-kb substrates.
Mapping of All Ribozyme Cleavage Sites within the 26 S Subgenomic RNA-Primer extension assays were carried out to identify sites cleaved by the ribozyme library (Fig. 2B) . Although cleavage products are detected as reverse transcriptase stops, the folded structure of the RNA template and other factors are also expected to cause strong stops of reverse transcriptase. Termination sites were identified by alignment with a dideoxy sequencing ladder. To identify the cause of the termination events, controls were carried out in which the ribozyme pool or magnesium ions were omitted. Ribozyme cleavage sites were identified as reverse transcriptase stop sites that occurred only in the presence of both the ribozyme pool and magnesium ions and had a guanosine residue immediately to the 3Ј-side of the cleavage site (11). were amplified from a full-length cDNA plasmid of the Sindbis virus SAAR86 strain, using PCR primers containing a T7 promoter. PCR products were then transcribed with T7 RNA polymerase to produce long RNA substrates. Each upstream primer (PA0, PB0, PC0, PD0) contains a T7 promoter at its 5Ј-end. The positions of the primers are shown under "Experimental Procedures." Boxes represent T7 promoters. Numbers indicate the nucleotide positions in the Sindbis virus genomic RNA. The 26 S subgenomic RNA starts at position 7483 and ends at 11663. B, combinatorial activity-based screening method. Each of the four long RNA segments was incubated with or without the randomized ribozyme at 37°C in cleavage buffer (containing 12 mM MgCl 2 ) and also in control buffer (1 mM EDTA, no magnesium). Cleavage sites were detected by primer extension using avian myeloblastosis virus reverse transcriptase, 5Ј-32 P-labeled oligonucleotide primers, and dNTPs. The same procedures were carried out to generate sequencing ladders, using uncleaved RNA fragments and a dNTP/ddNTP mix. The positions of cleavage sites were interpretable only when the downstream primer was less than 250 nt distant, due to the resolution of the RNA sequencing ladder in the gel. Therefore, five primers (PX1-PX5, each annealed to the long RNA fragment approximately 200 nt away from each other) were used to map cleavage sites on each RNA segment.
Each primer was used to scan 200 -250 nt of the 26 S subgenomic RNA. In total, 20 primers were used to identify efficient cleavage sites in the four 1.1-kb RNA segments. An example using RNA fragment D and one of its primers (PD3) is shown in Fig. 3 . A distinct pattern of primer extension products was observed. Two prominent ribozyme cleavage sites were identified in this example. The number of each cleavage site is defined as the position of the G to the 3Ј-side of the cleavage site in the full Sindbis genomic RNA sequence.
Using this method, we identified the 15 sites that were cleaved with the highest efficiency within the 26 S subgenomic RNA. In a separate search, a traditional computer-aided process was used to search for sequences that show perfect matches with the consensus sequence for the optimal substrate of the hairpin ribozyme (RYN2GUC), which had previously been defined through the use of mutational studies and in vitro selection methods with hairpin ribozymes and oligoribonucleotide substrates (7, 10, 28) . Here, the sites identified through cleavage by the randomized ribozyme libraries are termed "activity-selected" sites, while those identified on the basis of their match with the consensus sequence are termed "sequenceselected" sites. Table I shows the 15 activity-selected sites and 24 sequence-selected sites.
The most striking result of the search for cleavage sites is that there is essentially no overlap between the sites that are cleaved by the library and those that are predicted on the basis of sequence. The 26 S viral RNA has 24 exact matches with the substrate consensus sequence. However, little or no cleavage was observed at 23 of these 24 sequence-selected sites. Position 10,122 is the only site where the activity-selected and sequence-selected sites coincide. These results imply that, for the Sindbis virus 26 S RNA, designing ribozymes based on matches to the consensus sequence may be an ineffective strategy.
To confirm that our ribozyme pool had detected all available cleavage sites, we generated a second, independent, pool of randomized ribozymes from newly synthesized DNA templates. This pool was used to repeat the screening procedure, using the same transcription, cleavage, and primer extension protocol. The second library of randomized ribozymes yielded gel patterns of cleavage sites that were identical to those obtained with the initial pool of ribozymes (data not shown). Therefore, we believe that the location of the observed cleavage sites and the efficiency with which they are cleaved indicate that each library contains a complete repertoire of ribozyme specificities and that our findings are unlikely to result from a biased pool specificity.
An analogous screening procedure was attempted using a population of hammerhead ribozymes with randomized substrate binding arms, each 6 nucleotides in length. No cleavage sites were detected for the hammerhead ribozyme pool (data not shown). The reason for lack of cleavage activity in the hammerhead pool is not known.
Design of Ribozymes for Selected Targets-We designed and synthesized single-sequence ribozymes for cleavage of the targeted sites within the viral 26 S subgenomic RNA. The activity selection protocol serves to identify the sites that are most effectively cleaved, but the identity of the ribozyme(s) that cleave those sites must be inferred from the surrounding se- (10) . In most cases, ribozymes could be designed by simply introducing sequences with Watson-Crick complementarity to the substrate in helices 1 and 2, except for ribozyme position G 11 , which must remain fixed (12). However, this could not be done for the substrate base ϩ3 located opposite position 7 of the ribozyme, which was randomized in the ribozyme pool. The nucleotide at this position shows covariance with substrate base ϩ3 (29) . 2 From the phylogenetic data (29) 8242, 8663, 9841, 9926, 10,603 ) have a G, and two (10,115 and 11,178) have a U at this position (Table I ). Since it had been shown for the normal hairpin ribozyme that a Watson-Crick base pair between position 7 in the ribozyme and position ϩ3 in the substrate is detrimental for catalysis, 2 we designed three different ribozymes for the 8242 target (which has a G at position ϩ3). These ribozymes have an A, G, or U at position 7 (ribozymes 8242A, 8242G, and 8242U, respectively).
Recent data from our laboratory indicate that if the base at substrate position Ϫ5 is a G, then a U instead of a C at position 14 in the ribozyme generally increases cleavage rates in single turnover reactions. This is consistent with the concept that a G⅐U wobble pair at the last position of helix 2 may provide more flexibility at the junction between helices 2 and 3 than does a G-C base pair and so may facilitate the interaction between the two domains of the ribozyme-substrate complex (30) . 3 Therefore, in the ribozymes directed against targets containing a G at position Ϫ5 (8663, 9413, and 9841; Table I), U was introduced at ribozyme position 14.
Activity of Individual Ribozymes against Activity-selected and Sequence-selected Target Sites-To evaluate cleavage of activity-selected and sequence-selected sites in the 26 S viral RNA, 15 trans-acting hairpin ribozymes were synthesized, and their activity was evaluated using 1.1-kb and 14-base oligonucleotide substrates. Eleven ribozymes were directed against activity-selected sites, while four were directed against sequence-selected sites. All were capable of cleaving their cognate 14-nt substrates. However, when tested on long segments of RNA, the activity-selected ribozymes cleaved efficiently, while three of the four sequence-selected ribozymes failed to cleave, and one cleaved inefficiently (Table II) .
Results of cleavage assays for the ribozymes targeting RNA fragment B (ribozymes directed to positions 9061, 9552, 8663, 9333, and 9413) against both synthetic oligoribonucleotide substrates and the 1.1-kb RNA fragment B are shown in Table II and Fig. 4 . When oligoribonucleotide substrates were used, the activity against sequence-selected sites (9061 and 9552) and activity-selected sites (8663, 9333, and 9413) were nearly identical, varying only 4-fold, from 0.009 to 0.041 min Ϫ1 (Table II) . Strikingly, when we used these ribozymes to cleave 1.1-kb RNA fragment B, the sequence-selected ribozymes were found to be essentially inactive, while the activity-selected ribozymes show significant activity (Fig. 4 and Table II ). The difference in activity was at least 60-fold. The size of the cleavage products that were generated confirmed that the activity-selected ribozymes cleaved the long substrates at the expected positions (Fig. 4) . The initial cleavage rate of the ribozymes (11 activityselected ribozymes and four sequence-selected ribozymes) against both the short synthetic RNA substrates and the long RNA segments are compared in Table II .
Only one of the activity-selected sites conforms closely to the substrate consensus sequence; several have multiple deviations from the consensus, indicating that searching for a perfect match to the substrate consensus sequence is not a reliable method to select ribozyme cleavage sites within a structured RNA molecule. All of the activity-selected cleavage sites have guanosine immediately downstream of the cleaved bond, confirming that G ϩ1 is essential for cleavage (9) . Although most of the sites (except 10115) match with the RYN2G (Ϫ3 to ϩ1) consensus, only four of the targets have U at position ϩ2 (8663, 9841, 9926, and 10,122), while the remaining 11 targets have A
ϩ2
. From Table II , it is evident that the most efficient cleavage of the oligonucleotide substrates occurs when the base at substrate position ϩ2 is U (8663, 9841, 9926). Two targets have C ϩ3 (9333 and 10,122), while the rest of the 13 targets have an A, a G, or a U in the ϩ3-position. These data indicate that G ϩ1 is essential, and that the R Ϫ3 -Y Ϫ2 -N Ϫ1 2G ϩ1 -U ϩ2 consensus is very important for ribozyme cleavage. Although the importance of the ϩ2-and ϩ3-positions was previously observed from in vitro selection experiments (6, 7), our screening data clearly indicate that in attempts to achieve efficient cleavage of long RNA, the accessibility of the potential cleavage sites on the long RNA may be more important than the activity of the ribozyme on a short model substrate.
The Sequence-selected Ribozyme 9702 Cleaves the Activityselected Target Site 9861-Ribozyme 9702 is designed to target the sequence-selected site 9702 within RNA fragment C of the subgenomic RNA. This ribozyme shows a reasonable level of activity against its 9702 oligoribonucleotide but, as for some other ribozymes directed to sequence-selected sites, fails to cleave the long RNA at the intended site (Table II) , which would yield cleavage products of 948 and 188 nt. Instead, products of 789 and 347 nt were observed. This corresponds exactly to the cleavage products obtained when using the activity-selected ribozyme 9861 ( the 9702 site in RNA fragment C is not accessible. In contrast, the 9861 site is highly accessible and can be recognized and cleaved despite the presence of mismatches. It should be noted, however, that cleavage of the 9861 site by the 9702 ribozyme is 5 times slower than by the cognate ribozyme 9861 (Table II) .
These results provide a direct demonstration of the cleavage of unintended sites by the hairpin ribozyme. Biochemical and theoretical studies of the sequence selectivity of ribozymes (31) indicate that such a result is not surprising. Ribozymes are expected to have some activity against sequences with some similarity to the intended target. Our data clearly show that an unintended target that is accessible may be cleaved, while concomitantly the intended but inaccessible target is not recognized.
Ribozymes with Improved Ability to Cleave Targets that Deviate from the N2GUC Consensus-A surprising and significant result of the above work is that nearly all of the target sites in the viral RNA that are most effectively cleaved by the hairpin ribozyme vary from the N2GUC substrate consensus that was established using oligoribonucleotide substrates. Cleavage at position 8242 provides a typical example, in that a noncanonical sequence (A2GAG) is cleaved with relatively high efficiency by the combinatorial ribozyme library. Previous studies in this laboratory and others provided little or no guidance to our attempts to predict what sequence within the ribozyme segment of internal loop A would have the highest activity against this particular substrate. We know that ribozyme position 7 shows covariation with the ϩ3-position of the substrate (the ϩ3-position at 8242 substrate is G). Since a Watson-Crick base pair between position 7 in the ribozyme and position ϩ3 in the substrate has been shown to be detrimental, 2 we designed ribozymes that have an A, G, or U at position 7 (ribozymes 8242A, 8242G, and 8242U, respectively) and tested their activity against an oligonucleotide 8242 substrate and against the 1.1-kb RNA fragment containing this site (fragment A). The relative activities of these ribozymes was observed to be the same on both short and long substrates, 8242U Ͼ 8242A Ͼ 8242G (Table II) . However, when we compare the cleavage activity of Rz8242U and the activity of the ribozyme library (in which their substrate binding domain is completely random) against the 8242 oligonucleotide substrate, the ribozyme pool shows much more activity than one would expect if the only active members of the pool were the ones that had the same sequence as Rz8242U (Fig. 6 ), 35% cleavage of the 8242 substrate by the pool ribozymes at a per species concentration of 250 fM, while the specific ribozyme Rz8242U (under otherwise identical conditions) cleaved only 24.5% of the substrate at a concentration of 1 nM (10 6 fM) (Fig. 6) . Such a finding could result from the presence of one or a few ribozyme species with activities significantly higher than Rz8242U or from a large number of species with low activity. Therefore, we turned to an in vitro selection method to look for more active ribozymes than Rz8242U. A self-cleaving ribozyme with 10 randomized positions in the substrate binding domain (Table  III) , followed by a linker and the 8242 substrate was transcribed from a DNA template. After three cycles of selection, the population was sampled by cloning and sequencing (12) . Each of the clones was transcribed, and their catalytic activity was assayed in single-turnover kinetic assays against the 8242-oligonucleotide substrate (Table III) . Of the 30 clones that were sequenced, there were seven redundant sequences. More than two-thirds of the clones assayed showed cleavage rates greater than that of Rz8242U; cleavage rates up to approximately 2-fold that of Rz8242U were obtained. Ribozymes with cleavage rates lower than that of the reference ribozyme were also obtained; these may have been selected by virtue of higher ligation efficiency. The majority of the selected ribozymes with 32 P]CTP during transcription. It was then incubated with 200 nM ribozymes (Rz9702 and Rz9861) at 37°C in cleavage buffer. The reaction was followed over a time course of 120 min. Aliquots were removed at specific times and fractionated by 4% polyacrylamide gel electrophoresis. Both ribozymes generated identical cleavage products (789 and 347 nt).
increased activity contain C at position 7. Each of the more active ribozymes selected had other sequence changes with respect to Rz8242U, in addition to the U to C change at position 7. All of the recovered ribozymes show imperfect Watson-Crick base pairing within helices I and II (Table III) . Therefore, a ribozyme was constructed that had exactly the sequence of the Rz8242U except that a C was placed at position 7 (Rz8242C). Rz8242C had a rate of 0.050 min Ϫ1 , which is almost twice the rate of Rz8242U and about the average rate for the more active ribozymes found in the selection (Table III) .
These data suggest that the position 7 in ribozyme can be base-paired with the ϩ3-position in substrate when the ϩ3-position is a G, although it is not true with the wild-type ribozyme, whose substrate has a C at the ϩ3-position. This means that although we have identified all of the accessible target sites by the ribozyme pool, we do not necessary know the sequences of the best ribozymes cleaving these accessible sites simply from the target sequence. In vitro selection with a fixed target site and a partially randomized ribozyme can facilitate identification of optimal ribozymes for a given target site. The fact that most of the selected ribozymes have mismatches with the substrate binding domain of the ribozyme indicates that the accessible sites we selected may result from the additive effect of multiple ribozyme species.
Thermodynamic Prediction of Substrate Secondary Structure-Computer algorithms for the folding of RNA molecules (32, 33) have become progressively more reliable, especially when additional data such as phylogenies or structure mapping results are available. Our results (Fig. 7A) show some correspondence between cleavage activity and predicted secondary structure of RNA fragment B. Three of the six activity-selected accessible target sites in RNA fragment B, G8663a, G9333a, and G9516a, are predicted to be in loop regions, while the other three activity-selected sites are in regions where base pairing is predicted to dominate. Most of the sequence-selected sites are located within regions that are predicted to be base-paired. These results suggest that computer-aided modeling of the secondary structure of the target RNA may have some limited utility in target site identification, at least in terms of avoiding sites within the most obviously stable structures. However, the folding program can only identify a subset of the population of possible RNA secondary structures with similar thermodynamic stabilities. Furthermore, a large number of structures representing local energy minima may interfere with folding of the RNA into the active structure. Overall, quantitation of the computer-predicted secondary structure shows no significant difference in accessibility (estimated by predicted stability of the folding domain) between the activity-selected and sequence-selected target sites (Table IV) .
DISCUSSION
Cellular studies with hairpin and hammerhead ribozymes have provided convincing evidence that catalytic RNA molecules can be used as engineered ribonucleases to inhibit the expression of cellular and viral genes (34 -37) . However, success in these endeavors is by no means routine or facile and has several prerequisites, including target site identification, ribozyme engineering, effective ribozyme expression or delivery, and appropriate subcellular localization. First among these are the identification of sites within the targeted RNA that can be cleaved with reasonable efficiency and the engineering of ribozymes that have the highest combination of activity and selectivity against those targets. Once a target has been identified, the design of the requisite ribozyme for cleavage is somewhat less complex, as long as the site provides a good match with existing substrate selection rules, established from studies using oligoribonucleotide substrates. However, even when oligoribonucleotide substrates are used, many ribozymes (both hairpins and hammerheads) display unexpectedly low activity, generally because of folding of the ribozyme into an inactive 
UUGCGCUGAAGCUC
Ͻ0.001
Ribozyme consensus 5Ј-UNNCUCCGAAGCCU-3Ј structure, folding of substrate into a noncleavable structure, or formation of inactive complexes or aggregates between ribozyme, substrate, or both.
In the case of the hairpin ribozyme, this problem is more challenging than for the hammerhead because of the existence of noncanonical interactions between the ribozyme and the nucleotides that are 3Ј-proximal to the cleavage site. Although an NMR model of loop A has been recently published (38), it provides little guidance for designing ribozymes to cleave substrates that deviate from the N2GUC consensus, a task that becomes very important as a consequence of the work described here. In addition, specific sites of protection have recently been observed between the substrate (bound to the substrate-binding strand) and domain B of the ribozyme. 4 This suggests a further complication, that alterations of the substrate may destabilize interdomain interactions that are critical for assembly of a catalytically proficient complex.
Studies to date have employed several methods to identify candidate cleavage sites within targeted RNA molecules. Each has met with limited success. The most widely adopted approach has simply been to scan the target sequence to identify matches with the substrate consensus. While rapid and simple, sequence scanning has the obvious disadvantage that it ignores the issue of target site accessibility, which can severely limit cleavage efficiency (39) . Given funding and personnel sufficient for screening the biological activity of approximately 20 ribozymes, this method has been shown to work (40) . Unfortunately, the expense of such a strategy makes this brute force approach impractical in most laboratory settings. In addition, the manual screening of sites provides no assurance that the investigators will identify the site or sites that can be cleaved with the highest efficiency.
Several other methods have been used and appear to have some utility. These include the mapping of site accessibility in vitro using chemical and enzymatic probes of RNA structure as well as the use of DNA oligonucleotides and ribonuclease H to define site accessibility (41) (42) (43) . Computer-aided prediction of RNA structure also has potential, particularly in identifying 4 K. Hampel, N. Walter, and J. Burke, submitted for publication.
FIG. 7.
Mapping of the activity-selected and sequence-selected target sites on the linear and secondary RNA structures. A, target sites mapped on the computer-predicted secondary structure of 26 S RNA fragment B. G8581a, G8658a, G8663a, G9413a, G9333a, and G9516a are activity-selected sites, while G8814s, G8647s, G9061s, G9393s, and G9552s are sequence-selected sites. B, linear map of the target sites on the Sindbis 26 S subgenomic RNA. Dark circle, strong activity-selected site; shaded circle and diamond, moderate activity-selected site; diamond, sequence-selected site. a Number of Watson-Crick (G-C or A-U) base pairs in the predicted structure (Fig. 7A) .
b For each target site, the minimum energy structures were predicted under the constraint that target site bases do not pair. ⌬G is the free energy minus that of the unconstrained minimum energy structure. A larger positive value for ⌬G indicates that the site is predicted to be harder to melt and thus would be unfavored for ribozyme binding.
the most stable elements of local secondary structure that the investigator may wish to avoid. However, even these sites may become accessible due to RNA dynamics, alternative folding patterns, or repetitive folding of the RNA in vivo, as during ribosomal transit of a site within a mRNA molecule. Prediction of folded structures of candidate ribozymes is quite certainly useful in avoiding the use of some ribozymes that can misfold into inactive structures (40) .
Combinatorial methods are well suited to multidimensional problems such as the identification of target sites within high molecular weight RNA molecules. Here, we have demonstrated that a complex library of over 10 5 hairpin ribozymes containing all possible sequence specificities can be used to map and rank the relative accessibility of all strong cleavage sites within a large and highly structured viral RNA. Our study has provided two results that are both important and unanticipated. First, there is almost a complete disjunction between the set of target sequences that are most effectively cleaved and those that are predicted on the basis of the substrate selection rules. Only one of the 24 target sites that are most effectively cleaved was predicted by the substrate selection rules. Second, the density of target sites that can be cleaved with reasonable efficiency within the 26 S RNA is higher than expected (Fig. 7B); i.e. our results indicate that there are numerous target sites that can potentially be used, but virtually none of them would have been identified without the use of the combinatorial ribozyme library. Previous studies have used libraries of group I (39) and hammerhead ribozymes (44) to map cleavage sites. In each case, the sites that were cleaved most effectively were very close matches to the substrate consensus sequence for those ribozymes. This suggests that it may be easier to identify effective target sequences for hammerhead and group I ribozymes without resorting to combinatorial screening methods.
Ideally, a combinatorial experiment to identify optimal target sites would be accomplished within the cells where the investigator intends to utilize the resulting ribozymes. Sullenger and co-workers (45) have made excellent progress in developing such a system using trans-splicing group I introns. Compared with hairpin and hammerhead ribozymes, this system has a significant advantage and a distinct disadvantage. The advantage is that the ribozyme becomes covalently linked to a substrate cleavage product, so that the product can be recovered by reverse transcription-PCR and identified by sequencing. The disadvantage is that the selectivity of the group I 5Ј-splice site reaction is very limited, with functional recognition of four or fewer nucleotides in the target RNA. It seems unlikely that this would provide enough specificity for selective target inactivation. However, this also means that the entire repertoire of specificities can be achieved by a library of only 256 ribozymes. The functional recognition of many more nucleotides by hairpin and hammerhead ribozymes means that much larger libraries (Ͼ10 5 ) of ribozymes can be utilized, but a system for surveying such a complex population within mammalian cells has not yet been developed.
Our chosen strategy is to use combinatorial libraries of hairpin ribozymes encompassing all possible sequence specificities to identify the most readily cleaved sites within targeted RNA molecules in vitro. This strategy has both advantages and potential disadvantages. The primary advantage of this method is that all potential cleavage sites within a large RNA target can be rapidly surveyed, and the relative efficiencies with which they can be cleaved can be ranked. In addition, the method concomitantly eliminates potential target sites that could be cleaved but for which the folded structure of the targeted RNA or the ribozyme with the necessary sequence specificity prevents the formation of an active ribozyme-substrate complex. There are two potential drawbacks of the method. First, because trans-cleavage methods are utilized, we are able to pinpoint the site of cleavage but must deduce the sequence of the ribozyme or ribozymes that cleaved the RNA at that site. Second, because the requisite complexity of the ribozyme library substantially exceeds the size of libraries that can be screened within mammalian cells, it is necessary to conduct this analysis in vitro. Therefore, if the structure of the RNA target is substantially different in vivo and in vitro, then the method may not be predictive of sites that can be cleaved within cells. However, it should be noted that there are few or no documented examples of RNA molecules with substantial differences in their in vitro and in vivo global folding patterns. In contrast, there are many documented examples of large RNA molecules that show very similar folding patterns in vivo and in vitro, including group I and II introns, genomes of single stranded RNA bacteriophage, rRNA, and mRNA molecules of the globin family. While it is highly unlikely that all of the RNA targets and ribozymes identified by our in vitro method will be effective in vivo, our results strongly suggest that this approach will be much more effective than traditional sequence scanning methods.
The method for identification of target sites described in this work is highly effective in developing hairpin ribozymes that are effective in cleaving large structured RNA molecules in vivo. Are these sites also the best targets for cleavage of viral RNA in infected cells? Preliminary results indicate that ribozymes derived from these target site selection experiments are effective at blocking viral replication. However, determination of whether or not ribozymes directed against activityselected sites are more active than those directed against sequence-selected sites must await cell-based assays on a significant number of ribozymes directed against both classes of sites.
